[1] Laboratory simulations using polyethylene glycol (PEG) extruded at a constant rate and temperature into a tank with a uniform basal slope and filled with a cold sucrose solution generate channels that are defined by stationary levees and mobile flow interiors. These laboratory channels consistently display the following surface textures in the channel: smooth, folded, lineated, and chaotic. In the simulations, we can observe specific local conditions including flow rate, position within the channel, and time that combine to develop each texture. The textures in PEG flows form due to relative differences in shear forces between the PEG crust and the underlying liquid wax. Minimal shear forces form smooth crust, whereas folded crust forms when the shear is sufficiently high to cause ductile deformation. Brittle deformation of solid PEG creates a chaotic texture, and lineated crust results from shear forces along the channel-levee margin. We observe similar textures in submarine lava channels with sources at or near the Axial Summit Trough of the East Pacific Rise between 9°and 10°N. We mapped the surface textures of nine submarine lava channels using high-resolution digital images collected during camera tows. These textural maps, along with observations of the formation of similar features in analog flows, reveal important information about the mechanisms occurring across the channel during emplacement, including relative flow velocity and shear stress.
Introduction
[2] Lava channels have been documented in subaerial flows with various compositions [e.g., Macdonald, 1953; Dawson et al., 1990; Harris et al., 2004] , in submarine lavas [e.g., Fornari et al., 1985] , on the Moon [Hulme and Fielder, 1977] , Mars [e.g., Mouginis-Mark et al., 1992] , Venus [e.g., Baker et al., 1992] , and Io [e.g., Williams et al., 2001] . Channels are a thermally and mechanically efficient means of transporting lava, and their presence at fast and superfast spreading centers [Fornari et al., 1998 [Fornari et al., , 2004 Sakimoto and Gregg, 2001; Cormier et al., 2003; White et al., 2000 White et al., , 2002 Soule et al., 2005] has implications for eruption styles as well as the construction of oceanic crust. Submarine lava flow surface morphology has been used to interpret the dynamics of flow emplacement [e.g., Gregg and Fink, 1995; Gregg and Chadwick, 1996; Soule et al., 2005] . Here, we examine submarine lava channels observed on the East Pacific Rise (EPR) between 9°28 0 N and 9°51 0 N (Figure 1 ), and compare their detailed surface textures with similar textures produced during controlled laboratory simulations in which polyethylene glycol (PEG) wax is extruded to generate a channel [e.g., Fink and Griffiths, 1990; Griffiths and Fink, 1992; Gregg and Fink, 2000] . We focus on the specific textures observed within lava channels along the Northern EPR rather than the more general problem of submarine channel formation. We address how these textures form and what the distribution of these textures across a channel reveals about the flow dynamics occurring within the channel during emplacement.
[3] Fink and Griffiths [1990] and Gregg and Fink [2000] used PEG to simulate lava flow emplacement, and concluded that high effusion rates, high eruption temperatures, low viscosities, low cooling rates and high underlying slopes favor the generation of lava channels over other possible flow morphologies. Fink and Griffiths [1990] and Griffiths and Fink [1992] quantitatively described morphologies in simulated PEG flows based on solidification rate of the crust versus the downstream advection of heat. This ratio is described by the dimensionless number, Ψ = t s /t a , where t s is time of solidification and t a is time of advection. For point source eruptions of a viscous flow, Ψ is described as:
where n c is the kinematic viscosity of the crust, g 0 is reduced gravity (g 0 = g [r l À r w ]/r l ), and Q is volumetric effusion rate from the vent (Table 1) [Gregg and Fink, 2000] . The relation for line source eruptions is given by [Griffiths and Fink, 1992] 
where q is linear effusion rate (m 2 /s/m) or square meters per second per meter length of fissure. Though axial eruptions are dominantly line source eruptions along the axis [Haymon et al., 1991; Fornari et al., 1998 ], individual channels can be accurately modeled as point source eruptions [Gregg and Fink, 2000] .
[4] Gregg and Fink [2000] determined ranges of Ψ for morphologies in PEG flows on 10°slopes: pillows Ψ < 1, rifts 1 < Ψ < 7, folds 7 < Ψ < 22, and levees Ψ ! 22. The minimum Ψ values for levee formation decrease as slope increases, with a major transition between 30°(Ψ > 21) and 40°(Ψ > 9) [Gregg and Fink, 2000] . The ranges of Ψ values determined in the laboratory for specific flow types have been repeatedly shown to correlate well with Ψ values calculated for natural lava flows that show the same general flow characteristics [Fink and Griffiths, 1990; Fink, 1992, 1997; Gregg and Fink, 1995 .
[5] Submarine lava channels have been documented in a variety of volcano-tectonic settings, including: the Puna Ridge, Kilauea Volcano, Hawaii [Gregg and Smith, 2003] ; near-ridge seamounts in the Pacific [Fornari et al., 1985] and in the Mid-Atlantic Ridge [Smith and Cann, 1999] ; and at fast and superfast spreading centers White et al., 2000 White et al., , 2002 Cormier et al., 2003; Fornari et al., 2004; Soule et al., 2005] . The lava channels presented in our study are emplaced along the Northern EPR (Figure 1) . Soule et al. [2005] found that channeled lava flows are common along this segment of the EPR and described their origins, and their connection to crustal growth and ridge geometry along the EPR. This paper complements the Soule et al. [2005] study by looking at the detailed distribution of the surface textures within submarine lava channels to better understand flow dynamics inside a channel during emplacement. Using careful characterization of the distribution of surface textures found within PEG channeled flows and submarine lava channels, we are able to infer the processes involved during the emplacement of these textures along the EPR, thereby providing insight into the dynamics of individual mid-ocean ridge eruptions.
Simulated Channels

Data
[6] Using laboratory simulations we can observe and measure the processes that form channel textures in a controlled environment. PEG has been successfully used to simulate basaltic lava flows in subaerial, submarine, and extraterrestrial environments [Fink and Griffiths, 1990; Griffiths and Fink, 1992; Fink, 1995, 1996; Blake and Bruno, 2000] . In our simulations, warm (22°-26°C; solidification temperature is $20°C) PEG is pumped at a constant effusion rate (5.0 -6.5 mL/s) into a chilled (7°-12°C) sucrose solution through a 1-cm-diameter vent at the upslope end of a floor in a Plexiglas tank (71 cm long, 28 cm wide) set at a specified slope (8°-10°) in what we refer to as the ''effusion'' stage of the flow. Though slopes at the EPR crest are commonly 4°-6° [Fornari et al., 1998 [Fornari et al., , 2004 Soule et al., 2005] (e.g., Figure 1 ), simulated channels are more reliably formed on slopes of 8°-10°with our laboratory setup. Gregg and Fink [2000] demonstrated that processes that occur in the development of simulated channels are still applicable to submarine channels formed on underlying slopes 10°. The tank floor is covered with a steel mesh with wire spacing of 0.40 cm 2 . The mesh provides a nonslip surface; without the mesh, PEG slides along the flow base [cf. Fink and Griffiths, 1990; Gregg and Fink, 2000] . Total eruption volumes were constrained to <2000 mL of wax and durations to <300 s, due to tank dimensions.
[7] The phase we define as ''drainout'' begins when the PEG pump is turned off, the vent is plugged, and the remaining wax continues to flow downstream after effusion has ceased. This is different from ''drainback,'' where lava flows back into the source vent after the eruption has ceased . Flow widths are typically >20 cm, but maximum flow dimensions are constrained by the width and length of the tank. Parameters and dimensions for individual flows generated for this study are listed in Table 2 .
Laboratory Surface Textures
[8] We have classified four textures that form in simulated flows as smooth, lineated, folded, and lobate (Figure 2 ), terms that are consistent with similar submarine lava flow textures (Figure 3 ) [Griffiths and Fink, 1992; Gregg and Fink, 1995] . Crust that is flat, with little to no surface relief, is defined as smooth. We commonly observe the formation of smooth crust proximal to the vent. Cusps and folds with their axes parallel to the flow direction are preserved in solidified PEG at the channel-levee margins and are characteristic of lineated crust observed in the Figure 1 . Locations of submarine lava channels (circles) imaged in camera tow surveys along the track plots of the 14 camera tow surveys conducted along the EPR during cruise AT 07-04. Arrows indicate flow direction within channel. Letters refer to individual channels mapped in this study. See Figure 11 and Table 3 . Bathymetry data are obtained by multibeam sonar. Contour interval is 5 m. Axial Summit Trough is blackened for reference; outline is from 1989 Argo survey [Haymon et al., 1991; Fornari et al., 1998 ]. [9] We use the term ''chaotic'' for PEG textures analogous to jumbled textures on submarine lava flows [e.g., Perfit and Chadwick, 1998 ]. We interpret regions of solid clumps of wax mixed with liquid PEG or disrupted crust as chaotic, because a coherent, recognizable morphology does not form. Two mapping units are specific for the simulation morphology: ''mesh'' and ''liquid.'' Sections of the channel where there is no overlying liquid or solid PEG are mapped as mesh, referring to the wire screen on the floor of the tank that is visible. Some wax has not yet solidified in the final images used for mapping, and is therefore mapped as liquid. Although the formation of circular ''rosettes'' of PEG crust within shear zones at the channel margins have been reported [Griffiths et al., 2003 ], we did not observe them in our simulations. The PEG ''rosettes'' appear to resemble lava coils observed in submarine flows (Figure 3g ) [e.g., Lonsdale, 1977; Gregg and Fink, 2000] .
Emplacement of a PEG Channel
[10] A sequence of four images and texture maps in Figure 4 illustrate the evolution of a typical PEG channel from initial levee formation to final, solidified morphology and exemplified by simulation BG-75. At the start of the simulation, PEG spreads axisymmetrically from the vent. Lobate levees are established $30 s into the simulation, at the margins of the PEG flow, beginning the channelforming process. Levee widths stabilize after $120 s and are typically narrow (<2 cm wide), but can fluctuate in width downstream (0.5-4.0 cm) and may extend >30 cm from the vent. Observations indicate that once levee widths have stabilized, and reached a critical width, additional growth of the levee inward toward the channel center is limited during the remainder of the effusion and drainout stages. Levee thicknesses range from 0.5 to 2.0 cm and mimic the maximum depth of the PEG flow proximal to the vent. In cross section, levees exhibit a concave morphology, with the outer portion of the levees composed of lobate textures and the inner portion composed of a thin overhang, 3 cm wide, of lineated or chaotic crust (Figures 5a and 5b) . Measurements of levee morphology show that, at any given cross section along the channel, liquid material flowing beneath the overhang portions of the levees makes up 10-20% of total liquid material flowing within the channel. After the active effusion stage, and during drainout, crust forming within the channel typically subsides with the level of liquid wax, leaving the levees free-standing (Figures 5a and 5b). We refer to the levees with respect to an observer looking downstream, where the left levee is located at the top and the right levee is located at the bottom of each image in Figure 4 .
[11] After 70 s, wax in Figure 4a has flowed a distance of 26 cm from the vent, but the levees do not extend the entire length of the flow. The left levee extends 10 cm whereas the right levee extends 18 cm downstream. The levees are wider at the vent and narrow downstream. A crust does not form on the liquid wax in the channel until it reaches $12 cm from the vent where a single train of folded crust originates. A distinct, narrow zone of crust-free, liquid PEG divides the fold train from the right levee. Lineated textures form along the levees near the vent.
[12] We must note that folded crust in PEG channels constructs a fairly continuous structure that we refer to as a ''fold train.'' The location in the channel where folded crust begins to form remains at a set distance from the vent for the duration of the experiment: 8°slope ( 28 cm) and 10°slope (4 -16 cm). Figure 4 shows a single ''fold train'' forming in the channel, but we have observed as many as three narrow, parallel fold trains form across the channel and each fold train maintains a relatively constant width ( Figure 6a ). Fold trains are separated from each other and the channel-levee margins by crust-free shear zones ( Figure 6b ). Downstream, fold trains are disrupted into slabs, which overlap and rotate, but the folded texture is still recognizable. We have not observed folded crust to form directly adjacent to the channel-levee margin.
[13] After 134 s, the levees reach >20 cm on either side of the flow, which has advanced 46 cm from the vent (Figure 4b ). Surface folds still form $12 cm from the vent and the channel area proximal to this point remains crust-free. The fold train is 36 cm long and is separated from the margins by a liquid shear zone. Lineated crust begins to solidify on the right margin of the channel within a shear zone. Downstream, past the end of the levees, ''chaotic'' textured crust characterizes the flow margins. Duration calculated from initial effusion from vent to the moment wax is cut off.
[14] After 180 s, the vent was plugged, marking the beginning of the drainout process. The flow reached a length of 70 cm after 198 s (Figure 4c ). A liquid, crustfree channel is still present near the vent, but smooth crust now forms $12 cm from the vent instead of folded crust.
The smooth crust is attached to the trailing edge of the fold train. The fold train grew to >40 cm in length, despite having been broken, rotated, and overlapped in a few areas. A narrow band of lineated crust continues to form in the shear zone on the right side of the flow, while the left side of the flow is dominated by liquid and chaotic textured crust.
[15] The surface of the remaining PEG in the channel solidifies after 316 s, although some liquid wax remains on the downstream edges of the flow and beneath the crust (Figure 4d ). Smooth crust forms in the central part of the channel where the liquid area was located in the previous stages. Chaotic crust separates the central train of folded and smooth crust from the left channel margin. The shear zone on the right side of the flow is now a narrow band of lineated crust. The lack of lineated crust along the left channel-levee margin may be due to the asymmetrical outline of the levee, where the right levee is fairly linear, and the left levee undulates (Figure 4d ). Note that there is no observed deformity in the tank floor to cause this asymmetry.
PEG Surface Texture Distribution
[16] We mapped the final surface textures of 10 simulated channels, 4 of which are shown in Figure 7 . In the following description of the spatial and temporal evolution of surface textures observed in the simulated flows, we have defined the channel as the area of the flow bound by the levees, because that corresponds with what we can clearly identify in the submarine flows. We have only analyzed and reported coverage of the crust in the channel up to the extent of the longest levee for purposes of comparison with available submarine data. (right) corresponding texture maps. Times given are total seconds after start of simulation. Underlying slope is 10°, and flow direction is to the right. The PEG is flowing over a wire mesh, and dark lines perpendicular to flow are spaced at 2-cm intervals.
[17] We consistently observe specific crust morphologies forming at particular locations within a channel (Figures 2 and 7) and in specific temporal sequences (Figure 4) , although the surface coverage by a particular texture may vary greatly between flows (Figures 7 and 8) . In all simulated channels, we observe that (1) lobate crust forms the levees; (2) folded PEG is located in the central part of the channel; (3) smooth-textured crust forms proximal to the vent; (4) lineated crust or narrow patches of smooth crust are located adjacent to the levees and at the along-flow margins of fold trains; and (5) chaotic crust is distributed along the channel levee margins and beyond the downstream end of the levees.
[18] The most abundant textures preserved between the levees of the final flow morphology are smooth and chaotic, which combine for 59% of the total area mapped for PEG channels (Figure 8a ). Simulated channels on 8°slopes tend to have a higher percentage of coverage by smooth textures than do those on 10°slopes (Figure 8b ). Smooth crust covers 33-64% of the channel for PEG simulations formed on 8°slopes, whereas coverage in channels on 10°slopes varies from 8 to 34% (Figure 8b ). Folded crust covers 13% of the mapped channels. For a given flow, the fraction of coverage by folded crust preserved within the defined channel is not always representative of the folded crust formed during the emplacement or preserved beyond the defined channel. Channels on slopes of 10°have a higher fraction (11 -40%) of folded crust preserved in the channel than do those formed on 8°slopes (0 -19%) (Figure 8b ). Lineated crust is observed to form adjacent to channel-levee margins and only accounts for 9% of the textures mapped in the PEG channels (Figure 8a amount of folded and lineated crust preserved within the channel.
Submarine Channels
Data Acquisition
[19] Data for submarine lava channels used in this project were obtained during R/V Atlantis cruise AT 07-04 in 2000 [Schouten et al., 2002; Fornari et al., 2004] . Several nearbottom survey instruments were used to map the EPR between 9°and 10°N (Figure 1 ). These include a 120-kHz side-scan sonar (DSL-120A [e.g., Scheirer et al., 2000] ) with $2 m pixel resolution; and the Autonomous Benthic Explorer (ABE) [Yoerger et al., 1998 ] which collected near-bottom bathymetry to produce bathymetric maps with $5 m horizontal and 1 m vertical resolution Figure 14 . [Schouten et al., 2002; Fornari et al., 2004] . In addition, a deep-sea digital towed camera was used to collect seafloor imagery from an altitude of $5 m with centimeterscale image resolution [Fornari, 2003] to provide photographs of submarine channel morphology. Traverses were usually $1 -2 km in length and were planned using the DSL-120A sonar images ( Figure 9 ) and navigated by acoustic transponders [Schouten et al., 2002] . The digital camera recorded still images at 15 s intervals, each covering an area of $30 m 2 at 2048 Â 1536 pixels per snapshot. Overall, 14 tow camera surveys were conducted (Figure 1 ), collecting >8,000 images of on-and off-axis lava flows. The lavas here are known to be basalts [e.g., Perfit and Chadwick, 1998 ].
Identification, Locations, and Dimensions of Submarine Lava Channels
[20] Submarine lobate lavas are believed to form at lower flow velocities than those needed to produce lineated and folded textures preserved within the submarine channel interior [Griffiths and Fink, 1992; Gregg and Fink, 1995] . We interpret zones of lineated, smooth, and folded crust bound by levees of more bulbous, lobate crust as submarine lava channels (Figure 10) . Hereafter, the term ''channel,'' when used in the submarine context, refers to the material found between the bounding lobate levees.
[21] We have identified nine submarine lava channels (A through I) within six mosaics of images from four different camera tows. All channels identified and mapped for this study are located within 1 km of the Axial Summit Trough (AST) [Haymon et al., 1991; Fornari et al., 1998 Fornari et al., , 2004 , also The axial summit trough and crest of the East Pacific Rise 9°09 0 -59 0 N: New insights on submarine eruption and transport processes based on DSL-120A sidescan and ABE sonar surveys, manuscript in preparation, 2005]. Local flow directions, determined by orienting the mosaics to the camera tow traverse, are inferred to be dominantly oblique to the trend of the AST (Figure 1) . Locations of the submarine channels along the camera tow traverse coincide with the dark patches observed in the DSL-120A data ( Figure 9 ). These dark patches are interpreted to be channeled lava flows based on the smooth surface indicated by their low acoustic reflectivity [Fornari et al., 2004; Soule et al., 2005] . The lava channels are considered to be a type of sheet flow, which comprise 20% of the flow morphology along the AST between 9°49 0 -52 0 N, while 66% of the area is lobate lava [Kurras et al., 2000] . Though lava channels are found near the axis, mapping of lava channels [Kurras et al., 2000; Soule et al., 2005] indicates transport of lava 1.5-2.0 km off axis. Camera tow 2 traverses a field of lava channels with a source at the AST (Figures 1 and 9) . These channels show a complex bifurcation pattern and extend >0.50 km away from the axis (Figure 9 ). Channels that initiate off-axis (e.g., Figure 9 , channels C, D, E), are short (<0.25 km), narrow channels that do not show a complex bifurcation pattern. See Soule et al. [2005] for a detailed discussion of channel distribution in this area.
[22] The scale used for measurements on the digital image mosaics is based on a calibration test that demonstrated an image taken at 5 m altitude covers a 4.8 Â 6.4 m (30.7 m 2 ) section of seafloor [Fornari, 2003] . The camera was manually controlled by hauling on the winch to maintain a mean 5 m altitude above the seafloor as determined by returns from a 12 kHz pinger mounted on the camera frame. For reference, a deviation in camera elevation of ±0.5 m during a traverse results in a fluctuation of +7 m 2 to -5 m 2 for area covered by a single image. Our measurements are based on the camera remaining at 5 m above the seafloor, and we have presented associated errors where appropriate. Apparent submarine channel widths are measured across the imaged section of channel from levee to levee and minimum widths are obtained for partial channel maps. Channel dimensions are presented in Table 3 . The apparent width of the narrowest channel mapped is 7 m ± 0.7 m while the widest channel is 111 m ± 11 m.
Surface Textures
[23] In all submarine channels we investigated, the channel interiors contained the same flow textures: smooth, lineated, folded, jumbled, and jigsaw (Figure 3) , although in different relative abundances (Figures 8c and 8d) .
[24] Smooth crust is flat and featureless, and this texture is commonly sediment-covered within the field area (Figure 3a) . Flow surfaces that display high concentrations of closely spaced, relatively flow-parallel ridges and furrows are mapped as lineated (Figure 3b ). The ridges vary in width from fine ( 10 cm) to broad ( 50 cm). Closer observations of the ridges show that the width of a single ridge may shrink and swell, as well as combine and divide when traced downstream. A lava coil (Figure 3g ) is observed in one of the lineated zones in the channels we analyzed.
[25] It is important to note that the lineated zones described in the channels presented here are fundamentally different from those described by Chadwick et al. [1999] on the Juan de Fuca ridge. Channel lineations along the Northern EPR are discrete zones, usually less than tens of meters wide, and reflect elongate, closely spaced, flowparallel folds bounded by smooth, jumbled, or nonflow Figure 10 . Partial mosaic of channel E from camera tow 10 (location of mosaic is outlined in Figure 11 ). This section displays folded, lineated, smooth, and lobate crust. Camera tow direction is from bottom to top of page. Dashed lines indicate margin between lobate levee (at top) and channel interior as well as individual textures. Illuminated object in upper right corner of images is a wax ''corer'' attached to the camera used to collect samples. parallel folded textures (Figure 10) [Soule et al., 2005] . The compressional fold axis in lineated crust is normal to flow direction. These lineated textures are interpreted to form by a shearing of the crust, a mechanism discussed below. In contrast, the lineated textures discussed by Chadwick et al. [1999] extend hundreds of meters along the flow and are characterized by narrow, flow-parallel, corrugated grooves with <5 cm of relief formed by ''raking'' of solidifying, flowing lava under a broken margin of an overlying crust. We do not refute the model presented by Chadwick et al. [1999] but seek to explain the type of lineated submarine texture mapped in the Northern EPR lava channels based on the characteristics we observe and their context within the lava channels.
[26] Folded textures may be ''ropy'' or ''curtain-folded'' (Figure 3c ). Channel I, for example, has ropy folds that are parabolic, with the nose of the parabola pointing downstream. In contrast, the curtain folds observed in channel E are v-shaped, with the apex of the v pointing upstream. Chaotic regions of coarse, angular chunks of crust are mapped as jumbled (Figure 3d ). Folded and lineated textures are commonly observed as closely spaced pieces of crust that fit together like a puzzle. They appear largely undisturbed and to have been connected to nearby coherent sections of channel crust. We refer to this type of disrupted crust as ''jigsaw'' (Figure 3f) .
[27] Lobate crust is characterized by overlapping, bulbous forms, similar to subaerial pahoehoe flows (Figure 3e ) and is observed at the margins of the interpreted channels ( Figure 5 ). In most of the submarine channels, the channel crust and levee crust are not attached at the channel-levee margin. This disconnect has been interpreted to represent the draining of lava within the channel and subsequent sagging of the surface crust [Soule et al., 2005] .
Surface Texture Distribution
[28] Maps of the nine submarine lava channels show similar spatial distributions of textures (Figure 11 ). Specific textures consistently occur at the channel levee margins and within the central part of the channel. Channel interiors tend to be dominated by broad zones of smooth and jumbled crust separated by narrow zones of lineated crust. The lava texture at the channel margins, i.e., immediately adjacent to the lobate levee boundaries, are mainly lineated or jigsaw, although smooth lava and a transitional ''jumbled'' lava also locally occurs (channels D, H and I in Figure 11 ) in this region.
[29] Distributed throughout each channel interior are two to three smooth zones of various widths, separated by other textures. These smooth zones are situated off center from the middle of each channel. Only channels C and G (each <10 m wide), and channel H (a partial mosaic)have a single, central smooth zone. Interspersed between zones of smooth crust are narrower zones of lineated crust. Jumbled crust occurs as both broad (e.g., Figure 11 , channel B) and narrower zones (e.g., Figure 11 , channel D) adjacent to smooth crust. The zones of folded crust imaged in channels B, E, and I are situated off center, away from the channel margins.
[30] Similar to the PEG channels, smooth crust is the most abundant texture observed in submarine lava channels, accounting for 45% of the total submarine crust mapped for this study (Figure 8c ). For seven of the channels, smooth crust covers 39 -58% of sections imaged (Figure 8d ). Folded crust is the least common texture, comprising only 6% of the total mapped area for submarine channels. Narrower channels, <20 m wide, (Figure 8d , channels C, F, G) have a higher percentage of coverage by lineated crust than wider channels (Figure 8d, channels A, B, H, I ), with channels D and E as exceptions. The majority of the jigsaw crust we observed was adjacent to lineated and smooth textured crust; all three combined, comprise almost 75% of the textures we mapped in the channels (Figure 8c ).
Discussion
[31] One of the most difficult aspects of submarine lava flows to recreate in the lab is the highly temperaturedependent rheology of the lava. The low solidification temperature of PEG proves useful in this respect when Figure 12 . Qualitative shear gradients across the vertical cross-sectional boundary between the surface crust and underlying liquid lava for the formation of each specific textures. A map view is included for jumbled and lineated textures. compared to other analog materials [e.g., Fink and Griffiths, 1990] . Crust in simulated channels can begin to form near (<10 cm) or far (>20 cm) from the vent. Though a crust-free channel may be present in simulated flows (Figure 4a ), we do not infer that submarine channels remain crust-free for significant distances from the source. The textures in both environments preserve the processes acting on the crust at the time of solidification, regardless of how far from the source the crust solidifies.
[32] Submarine channels may originate in one or more of the following ways: (1) as an unconfined sheet flow where the slower moving margins solidify, concentrating the flow into a preferred pathway bound by levees, similar to channeled PEG flows [e.g., Gregg and Fink, 1995] ; (2) localized rapid flow within a lobate flow, disrupting overlying crust and exposing the channel; and (3) confinement within a previous topographic low or channel. Determining the specific origin of the channels we have studied is beyond the scope of this paper and our data, and remains an open question in subaerial lava channels as well. However, the textures contained within the channels we analyzed still reveal a story about their emplacement.
Formation of Textures
[33] In PEG flows, smooth crust forms near the vent after effusion has ceased. We infer that the crust and underlying liquid wax are moving at the same gravitationally driven flow rate, and that the velocity gradient and shear forces between the coupled components of crust and liquid wax relative to the solidification rate are too low to cause folding of the crust (Figure 12a ). In our experimental flows, these conditions were generally met after effusion from the vent had ceased and the liquid wax drains from the channel (Figures 2b, 4c , and 4d), but this does not imply that smooth crust only forms after effusion has ceased. The smooth texture can be formed in a submarine channel under similar conditions, where the shear forces between the overlying channel crust and underlying lava are not high enough to deform the crust (Figure 12a ). These conditions can be achieved by a relatively low flow rate in the channel, or in lobate and sheet submarine flows, by the presence of a vapor layer of trapped bubbles of heated seawater that decouples the crust from the lava [Fornari et al., 1998; Perfit et al., 2003] . The vapor layer acts as a buffer between the solidifying crust and underlying lava, negating the velocity and shear gradients between the two components. The vapor layer is not required for the formation of smooth crust in submarine lava channels, but should still be considered as another possible mechanism for reducing the shear gradient between the lava and overlying crust, thereby reducing the chance for crustal deformation.
[34] On the basis of observations of PEG channels [Griffiths et al., 2003] , the width of marginal shear zones is proportional to the mean flow velocity in the downflow direction. Observations of subaerial and simulated channels reveal that the highest velocities are near or at the channel center [e.g., Lipman and Banks, 1987; Griffiths et al., 2003] . Within the middle of these channels, compression of surface crust in the downflow direction caused by a velocity gradient between liquid lava or liquid PEG and the overlying ductile crust results in buckling (Figure 12b) [e.g., Fink and Fletcher, 1978; Gregg et al., 1998; Griffiths et al., 2003] . In the submarine channels we mapped, folded crust was observed toward the central part of the channel (channels B, E, and I in Figure 11 ). We infer that folded crust in submarine channels forms within zones of higher velocity with respect to other areas across the channel during emplacement [cf. Fink, 1995, 2000] . Therefore, even with the relatively instantaneous solidification that occurs when lava interacts with ocean water [Fink and Griffiths, 1990] , the lava remains ductile long enough to fold [e.g., Engels et al., 2003] . Folded crust can brecciate if the strain rate imposed on the crust increases, the crust's ability to deform ductily decreases, or both, resulting in jumbled textures (Figure 12c) .
[35] Shear zones that form along the channel-levee margins in subaerial lava channels due to the horizontal gradient in flow velocity are relatively crust-free and more incandescent than the central part of the flow [e.g., Lipman and Banks, 1987; Griffiths et al., 2003] . For simulated flows, shear zones are also characterized by a relatively crust-free surface, leaving an exposed gap of liquid PEG between the levee and the channel crust ( Figure 6 ). In a series of PEG experiments, Griffiths et al. [2003] observed that the width of shear zones increase while the width of channel crust rafting downstream narrows for higher volume flux and lower cooling rates. We observe relatively crust-free shear zones along the channel-levee margins during emplacement of PEG channels and lineated crust at the same location where the shear zones were present in the final flow morphology (Figures 2 and 4) .
[36] The channel-levee margin in a submarine channeled flow is typically an abrupt contact between lobate (levee) and lineated (channel) crust (e.g., Figure 10 ). We interpret the lobate lavas to form from a relatively slow emplacement and low local velocity in comparison with the more rapidly emplaced lineated flows [cf. Gregg and Fink, 1995] . On the basis of comparison with the behavior of subaerial and simulated lava channels [Lipman and Banks, 1987; Gregg and Fink, 2000; Griffiths et al., 2003] , we infer that submarine lineated crust adjacent to lobate levees forms in a shear zone, where rates of shear are comparable to rates of surface solidification (Figure 12d ). This is supported by the presence of lava coils (Figures 3f and 11 , channel D) within submarine lineated crust, which require a plastic crust and lava flowing at a sufficiently high velocity to rotate the crust before it solidifies [Lonsdale, 1977] . Similar features are recognized in subaerial pahoehoe toes [Gregg and Keszthelyi, 2004] and again are attributed to high shear rates imposed on partially solidified, yet plastic crust.
[37] Shear zones are not limited to the channel-levee margins, but also can be present within the channel interior. Mapping of submarine channels shows that several zones of smooth crust may form across a single channel and that lineated textures commonly separate these regions from each other (Figure 11, channels A, B, D, H) [Soule et al., 2005] . Given that submarine channels can exceed 100 m in width, it is possible that crust strips, as observed in our PEG simulations, can influence velocity gradients across the channel such that shear zones are not confined only to the channel margin. In PEG simulations, the multiple fold trains appear to reflect a lateral component of flow that imposes a Figure 13 . Interpretation of shear zones and relative flow velocity across the channel width of submarine channel B (Figure 11 ) based on the surface texture locations. The inferred velocity profile is shown by the solid line and shear rate by the dashed line. A brittle zone near the center of the channel is interpreted to be the location of the highest relative flow velocity. Flow direction is to the right. North arrow is shown for context. tension on the crust as it begins to solidify and are typically observed at locations distal from the vent (>20 cm) where both the flow width and channel width have increased. We propose that zones of lineated crust within the submarine channel (e.g., channels A and B in Figure 11 ) are the result of shear zones that develop between the sections of mobile crust, as observed in PEG channels (Figure 6 ).
[38] Our interpretation of how textures form allows us to infer emplacement dynamics. Here, we discuss the emplacement of the widest submarine channel we analyzed, channel B (Figure 13 ). The distribution of smooth textures across the flow suggests that there were at least two areas of relatively constant flow velocity across the channel divided by a centralized zone of lineated and jumbled crust. The zone of smooth crust near the right levee (toward the bottom of the map) is bound on either side by lineated crust and a local patch of folded crust, indicating differences in flow velocity, the presence of shear zones and a ductile response by the crust bordering the smooth crust. This shear zone is $30 m wide. The zone of smooth crust at the upper portion of the map is bound by jumbled crust, indicating a brittle response to the shearing. On the basis of its appearance, the centralized zone of jumbled crust strongly suggests autobrecciation by high flow velocity and shear between the crust and underlying lava toward the middle of the channel ( Figure 13 ). The flow velocity decreases toward the margins, with zones of relatively equal velocities where smooth crust is present. The distribution of the textures also reveals the differences in cooling and velocity gradients across the flow width. The inferred velocity profile in Figure 13 is a qualitative prediction and its undulating nature differs from the nearly uniform profile across submarine channels predicted in quantitative models [e.g., Soule et al., 2005] . This complex velocity profile ( Figure 13 ) may represent a snapshot in time, the accumulation of different textures as other parts of the channel were active at various times, or transport of crust that was formed at a different portion along the channel.
Downstream Trends in Texture Coverage
[39] The submarine photo mosaics we collected cover a limited portion of a given channel in contrast to PEG channels, where we can easily observe the entire flow. Therefore interpretations of the flow dynamics across a submarine channel are only applicable to the observed portion of the channel. We have attempted to understand our limited view of submarine channels by surveying texture coverage within selected strips across PEG channels and comparing the results to the entire channel (Figure 14) . To characterize the textures distributed within the channel interior, 2-cm-long strips are placed at distances proximal (2 -4 cm), medial (14 -16 cm), and distal (>23 cm) from the vent ( Figure 5 ).
[40] Several downstream trends in texture coverage of PEG channels are revealed by this method of analysis. The diversity of textures present in the channel increases with distance from the vent. Smooth crust is prominent proximal to the vent and its abundance decreases downstream; folded crust increases in coverage with distance from the vent. The distal portion of the channel is the most representative of the total coverage by textures in the entire channel.
[41] The complex patterns of textures across submarine channels (Figure 11 ) resemble the diverse coverage of textures at the distal end of channels in simulated flows (Figure 14) . This is logical because the camera tow paths cross the medial and distal ends of the submarine lava channels, the dark areas in the side scan data (Figure 9 ) represent entire channels. On the basis of this information, we infer that distal sections of submarine channels will show greater diversity in textures across the channel interior, while areas proximal to the source will show less. This diversity can be attributed to complex flow dynamics across the channel or accumulation of textured crust from upstream.
Conclusion
[42] Four textures observed in submarine channeled lava flows (smooth, lineated, folded, and jumbled) are also observed in simulated channeled flows in the laboratory. Our interpretations of how these textures form in the submarine environment are based on relationships found in the simulated flows between the processes occurring during effusion and the arrangement of textures in the final flow morphology. Folded crust is formed by a ductile response of the crust to compressional forces in the flow direction, whereas jumbled crust is the disruption of brittle crust due to these forces. Lineated crust, as observed in our field area, is a ductile response of the crust to shearing. Smooth crust is formed when shear and compressional forces are either minimal or nonexistent to deform the crust.
[43] On the basis of the spatial distribution of textures across the channel we can infer velocity gradients across the channel, locations of shear zones, and if the section of channel imaged is relatively proximal, medial, or distal to the source. Our results indicate that surface morphologies within channels reflect the complexities of flow dynamics across a channel during emplacement. Even though texture maps across different submarine channels show similarities, each has its unique characteristics. We conclude that the individual patterns indicate that flow dynamics across each flow is unique and or that the crusts formed at different times and places in the channel system can accumulate at the location of our observations. Further study of submarine channels and additional PEG experiments attempting to simulate specific conditions within channels and at different stages of eruption will help define these relationships.
